Electromagnetic transmission and detection at deep depths by Starkey, D. B. & Thru-the-Earth-Electromagnetics Workshop (1973 : Colorado School of Mines)
ELECTROMAGNETIC TRANSMISSION AND DETECTION AT DEEP DEPTHS 
D m  B. Starkey 
Acceptance Technology Divis ion  8344 
Sandia Labora tor ies  Livermore 
In t roduc t ion  
I n v e s t i g a t i o n  i n t o  t h e  expressions of t h e  f i e l d  produced by a loop over  
a conducting ha l f  space o r  i n  a n  i n f i n i t e  conducting ha l f  space a r e  w e l l  
documented. Reasonably complex d e s c r i p t i o n s  of t h e  e f f e c t s  of s t r a t i f i c a t i o n  
a l s o  a r e  repor ted .  However, a model which must con ta in  a l l  of these  com- 
p l e x i t i e s  because of t ransmiss ion  t o  depths of 15,000 f e e t  and a l s o  inc lude  
t h e  p e r t i b a t i o n  of t h e  f i e l d  by a v e r t i c l e  c y l i n d r i c a l  s t e e l  cas ing  l o s e s  i ts  
f a c i l i t y  i n  t h e  f i e l d  o r  f o r  quick, accura te  approximation t o  f i e l d  magnitudes 
and phase. 
This  paper desc r ibes  t h e  r e s u l t s  of two f i e l d  t e s t s  t o  determine t h e  
a t t e n u a t i o n  and phase ve r sus  depth and frequency of an electromagnetic  wave 
( induct ion  f i e l d ) .  A simple two-layer model is  pos tu la ted  t o  p r e d i c t  t h e  
magnitude and phase of t h e  induced f i e l d  which does n o t  r e q u i r e  s o p h i s t i c a t e d  
computing t o o l s .  Cor re l a t ion  of t h e  model wi th  experimental r e s u l t s  show 
agreement of most amplitude measurements t o  w i t h i n  3 db and most phase measure- 
ments t o  wi th in  f i v e  degrees. The t e s t s  were conducted i n  a 7400 f o o t  deep 
w e l l  i n  Nevada and an  11,000 f o o t  deep w e l l  i n  Wyoming which had c o n d u c t i v i t i e s  
ranging from . O  25 mhos/m t o  .25 mhos/m. The s u r f a c e  t r ansmi t t ing  d i p o l e  had ! an a r e a  of Q 10  f e e t  squared and cons tant  frequency s i g n a l s  of 1.5 Hz t o  20 Hz 
were t r ansmi t t ed  through t h e  e a r t h  u t i l i z i n g  less than 65 wa t t s  of power. 
Model Descr ip t ion  
The magnetic f i e l d  i n t e n s i t y  components generated by a magnetic d i p o l e  
immersed i n  an i n f i n i t e  homogeneous medium can be expressed i n  s p h e r i c a l  
coordina tes  a s :  
3 
NI (naL) 
He = 3 - y r ~  s i n e  [ l + y + y r l  [ e  
Z = v e r t i c l e  depth  between coax ia l  loops 
2 
where N ,  I, and (na ) a r e  the  t r ansmi t t ing  antenna tu rns ,  c u r r e n t ,  and ef fec-  
t i v e  a rea ,  r e spec t ive ly ,  and r is t h e  range from t h e  loops  circumference t o  
t h e  measurement poin t .  The case  of i n t e r e s t  f o r  these  experiments, however, 
is t h e  s p e c i a l  case  of coax ia l  d ipo les ,  i .e . ,  8 = 180'. For t h i s  case  
H e =  0 and H reduces t o :  r n 
It is  apparent from t h e  expression f o r  r t h a t  d ipo les  of f i n i t e  dimensions 
are being considered. For these  tests t h e  rad ius  w a s  e i t h e r  600 o r  1200 f e e t  
and the  e f f e c t  of t h e  loop ' s  r ad ius  had t o  be considered. 
The complex propagation constant ,  y,  i s  expressed i n  terms of angular  
frequency, w = 2-rrf and t h e  medium p r o p e r t i e s  conduct iv i ty ,  a ,  permeabil i ty,  
p, and p e r m i t t i v i t y ,  E. For conducting media, displacement current  e f f e c t s  
are genera l ly  n e g l i g i b l e  and f o r  t h e  condi t ion  a >> UE 
where t h e  s k i n  depth 6 is t h e  inverse  of real p a r t  of y o r  
Although i n  t h e  a c t u a l  experiments, t h e r e  i s  a hal f  space of air above t h e  
ground, t h e  increased complexity of t h e  model including t h i s  hal f  space w a s  
not considered p r a c t i c a l .  This appears t o  be j u s t i f i e d  in examining the  
r e s u l t s  of t h e  two f i e l d  experiments. 
Media Discont inui ty  
Because of t h e  depths involved in t h e  experiments, s t r a t i f i c a t i o n  of t h e  
media is obvious from t h e  a v a i l a b l e  l i t h o l o g i e s .  Although considera t ion w a s  
given t o  charac te r i ze  the  media from a s i n g l e  lumped homogeneous, i s o t r o p i c  
region wi th  an  average conduct iv i ty  t o  n homogeneous, i s o t r o p i c  regions a s  
d i c t a t e d  by t h e  l i tho logy ,  t h e  end r e s u l t  w a s  t o  use  a two-layer model. The 
s i n g l e  5omogene=us l a y e r  appeared impract ica l  when oze s tudied t h e  DC resis- 
t i v i t y  logs  of t h e  experimental w e l l s .  Although t h e  r e s i s t i v i t y  var ied  over 
q u i t e  a dynamic range, t h e r e  seemed t o  be two o r  th ree  "average" values which 
f i t  only a p a r t i c u l a r  depth increment. The n l a y e r  model was discarded a l s o  
because it did  not f i t  the  r e s i s t i v i t y  logs.  I n  addi t ion ,  because of the  
wavelengths involved, many t h i n  l a y e r s  of d i f f e r e n t  conductivi ty can be 
ignored because only small phase delays a r e  encountered in a l a y e r ,  r e s u l t i n g  
approximately i n  cance l l a t ion  of the  two r e f l e c t i o n s .  
The r e s u l t i n g  two-layer so lu t ion  is  shown below: 
where 
2 112 
Y = rad ius  a t  t h e  i n t e r f a c e  (z12 + a ) 
2 1 /2  X - rad ius  below the  i n t e r f a c e  (Z + a ) 
Hr (Y) = magnetic f i e l d  i n t e n s i t y  a t  i n t e r f a c e  from Equation 3 
y2 = propagation constant  f o r  t h e  second l ayer  
Z1 = v e r t i c l e  depth from t ransmit t ing  loop t o  i n t e r f a c e  
Z2 = v e r t i c l e  depth from i n t e r f a c e  t o  receiving loop 
Well Casing Attenuation 
Assuming t h a t  the  r e s u l t a n t  f i e l d  from the  above ca lcu la t ions  i s  t h a t  
which is present  at any depth, the  a t t enua t ion  of the  magnetic f i e l d  i n t e n s i t y  
by t h e  w e l l  cas ing  is ca lcu la t ed  by t h e  fol lowing r e l a t i o n s h i p  described by 
Shenfeld f o r  i n f i n i t e  long cy l inde r s  whose r a d i u s  is much g r e a t e r  than t h e  
cy l inde r  th ickness  : 
Ho 
= magnetic f i e l d  i n t e n s i t y  o u t s i d e  t h e  cyl inder  - 
Hi = magnetic f i e l d  i n t e n s i t y  i n s i d e  the  cy l inde r  
- 
y = propagation cons tant  f o r  t h e  w a l l  m a t e r i a l  
6 = s k i n  depth i n  t h e  w a l l  m a t e r i a l  
y = w a l l  material permeabi l i ty  (200 vo)  
r = cy l inde r  r a d i u s  
d = c y l i n d e r  w a l l  th ickness  
The above expression is s a i d  t o  b e  v a l i d  f o r  t h e  fol lowing cases: 
1. High o r  low f requencies  (converges t o  the  s k i n  depth s o l u t i o n  a t  
h igh  f requencies)  
2 .  Magnetic o r  non-magnetic w a l l  material 
3. Orien ta t ion  of H is unimportant 
0 
Although t h i s  expression d iverges  somewhat from t h e  concept of developing a 
. simple model, i t  is requi red  a t  t h e  f requencies  of i n t e r e s t  (below 20 Hz). 
Figure  1 is  a p l o t  of t h e  a t t e n u a t i o n  from Shenfe ldrs  r e l a t i o n s h i p  and p lane  
wave a t t e n u a t i o n  from .1 t o  10 Hz f o r  a t y p i c a l  casing. It can be seen t h a t  
even a t  10 Hz t h e  p lane  wave a t t e n u a t i o n  is % 6 db pess imis t i c  r e l a t i v e  t o  
Shenfeld 's  formulat ion.  Mul t ip le  casings'  encountered i n  some of t h e  t e s t i n g  
a r e  handled a s  a s i n g l e  cy l inde r  whose th ickness  is equal  t o  t h e  sum of a l l  
t he  cas ings '  thickness.  
Receiving Antenna 
rn 
The rece iv ing  antenna is a f e r r i t e  loop s t i c k  in cons t ruc t ion .  Assuming 
t h a t  t h e  co re  "captures" a l l  of f l u x  wi th in  t h e  cas ing  and t h a t  t h i s  f l u x  is  
uniformly d i s t r i b u t e d  ac ross  t h e  i n t e r n a l  c ross  sec t ion ,  the  open c i r c u i t  
v o l t a g e  from t h e  antenna is described as fol lows:  
*eff 
= e f f e c t i v e  a r e a  of t h e  rece iv ing  antenna 
w = angular  frequency 
= f r e e  space permeabi l i ty  
Since Ti f o r  a given depth and media decreases  with frequency and t h e  
vo l t age  output  has  frequency a s  a m u l t i p l i e r ,  a n  optimum frequency is  expected. 
The model (using t h e  Wyoming d a t a  below) shows an  optimum a t  % 2 Hz at  6000 
f e e t  and % 1 Hz a t  12,000 f e e t .  
Test  Apparatus 
Figure 2 is a block diagram of t h e  test apparatus used t o  gather  t h e  d a t a  
f o r  both test series. A square wave o s c i l l a t o r  is set a t  t h e  des i red  f re -  
quency. The phase of t h i s  s i g n a l  r e l a t i v e  t o  t h a t  which i s  t h e  reference  f o r  
a coherent de tec to r  can be  se lec ted  a t  e i t h e r  0 o r  45 degrees. The square 
wave is then f i l t e r e d  and its gain  control led  t o  d r i v e  t h e  output  of an  audio 
ampl i f ier .  The t r ansmi t t ing  loop has a .05 ohm r e s i s t o r  i n  series such t h a t  
t h e  cur ren t  i n  t h e  loop can be determined and t h e  phase s h i f t  of t h e  ampl i f i e r  
removed from t h e  phase measurements. The s i g n a l  received downhole i s  then 
amplif ied by e i t h e r  130 o r  160 db and used as an input  t o  a 1 KHz VCO. This 
s i g n a l  is  brought uphole on a cable,  discriminated,  f i l t e r e d ,  and f e d  t o  t h e  
coherent detec tor .  The de tec to r  outputs  then g ive  a r e a l  time ind ica t ion  of 
t h e  received s i g n a l  c h a r a c t e r i s t i c s  a s  follows: 
'received RMS - =/Gain 
-1 = t a n  Q / I  - ( receiver  and t r ansmi t t e r  phase) 
The 3 db bandwidth of t h e  amplifying system w a s  from .9 Hz t o  30 Hz. The 
coherent d e t e c t o r ' s  bandwidth was genera l ly  l e f t  a t  .025 Hz. 
Nevada Test S i t e  and Model Parameters 
Figure 3 is  a graphic view of the  NTS test configurat ion.  A double cas- 
i n g  extended t o  a depth of 940 f e e t .  From t h i s  depth t o  7410 f e e t  a s i n g l e  
cas ing w a s  present .  The model parameters used were: 
I n t e r f a c e  Depth : Z1 = 1500 f e e t  
Layer One: a = .0025 rnhos/m 
Layer Two: a = . O 1  mhos/m 
6 2 
Two t ransmi t t ing  loops were used, each wi th  an  a r e a  of Q 10 f e e t  . One w a s  
o f f s e t  approximately 1200 f e e t  from t h e  w e l l  center .  The transmitted power 
( I ~ R  losses )  w a s  va r i ed  from 4 t o  1 3  w a t t s  wi th  signal-to-noise r a t i o s  a t  
5 Hz varying from 35 t o  1 2  db a t  1000 and 7410 f e e t  respect ively .  The o f f s e t  
antenna was used among o the r  techniques t o  g ive  assurance t h a t  t h e  s i g n a l  was 
n o t  propagated down t h e  cable  o r  w e l l  casing--since the  phase would be d i f f e r -  
e n t  f o r  t h i s  case  versus through t h e  e a r t h ,  p a r t i c u l a r l y  a t  t h e  shallow 
depths. Figures 4, 5, and 6 show t h e  r e l a t i v e  s t r eng ths  of t h e  measured 
f i e l d s  as compared t o  the  model predic t ions .  
Wyoming Tes t s  
Figure 7 is  a graphic view of the  Wyoming test configurat ion.  A t r i p l e  
cas ing extended t o  437 f e e t .  From 437 f e e t  t o  8255 f e e t  a double casing 
e x i s t e d  and below 8255 t o  11,000 f e e t  only a s i n g l e  casing was present .  The 
model parameters used were: 
I n t e r f a c e  Depth: 8100 f e e t  
Layer One: a = .05 mhos/m 
Layer Two: a = .25 mhos/m 
6 2 
One t r ansmi t t ing  loop was used wi th  an a r e a  of 4 x 1 0  f e e t  . The t r ansmi t t e r  
power was va r i ed  from 4 t o  65 watts wi th  signal-to-noise r a t i o s  a t  5  Hz vary- 
i n g  from 20 db t o  2 db a t  3500 f e e t  and 11,000 f e e t  r e spec t ive ly .  F igures  8, 
9, and 1 0  show t h e  r e l a t i v e  s t r e n g t h s  of t h e  measured f i e l d s ,  
1 Discussion of Resul t s  
The c o r r e l a t i o n  between ca lcu la t ed  and experimental  va lues  i n d i c a t e s  t h a t  
t h e  model i s  extremely accura te .  Although t h e  phase p l o t s  have been omitted 
because of space l i m i t a t i o n s ,  t h e  two-layer model is a l s o  capable of high 
accuracy i n  t h i s  p r e d i c t i o n  a t  a l l  depths a l s o .  Only a t  t he  shal low depths 
is t h e  phase p r e d i c t i o n  h igh  by approximately f i v e  degrees. The use  of t h e  
i n f i n i t e  homogeneous model appears  t o  balance any e f f e c t s  in t h e  f i e l d  caused 
by t h e  s t e e l  cas ing ,  
The amplitude p l o t s  show a d i s c o n t i n u i t y  a t  t h e  l o c a t i o n  of a change i n  
t h e  number of casings.  This  f a c t ,  p lus  t h e  use  of t h e  o f f s e t  antenna a t  NTS, 
show t h a t  t h e  s i g n a l  is propagating i n  t h e  medium and no t  down t h e  casing. 
Addi t ional  c a l c u l a t i o n s  yielded a maximum a t t e n u a t i o c  r a t e  of only  .9 db/1000 
feet presuming t h e  s i g n a l s  w a s  coupled down t h e  armored cab le  used t o  lower 
t h e  rece iv ing  package. Since t h e  a c t u a l  a t t e n u a t i o n  r a t e s  were much g r e a t e r ,  
t h i s  was a l s o  el iminated a s  a poss ib le  coupling l i n k ,  
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